Mutant staphylococci with impaired respiration, induced by ultraviolet radiation, were used for testing various inhibitors with already known mechanisms of action. Inhibitors of protein synthesis (the tetracyclins) affected the growth of parent and mutant cultures to the same degree.
INTRODUCTION
Mutant yeast cells with impaired respiration, enhanced glycolysis, a distorted cytochrome system, and which formed ' small colonies ' (Ephrussi, Hottinguer & Chimenes, 1949) , have attracted the attention of numerous investigators (e.g. Lindegren, 1959) . The search for mutants with impaired respiration in other microorganisms has led to detection of characteristic mutant staphylococci, with ' small colonies ', respiration deficiency, and altered cytochromes (Gause, Kochetkova & Vladimirova, 1957; Gause, 1960) . Mutant staphylococci with impaired respiration are selectively inhibited by substances that primarily affect the synthesis of cell nucleic acids, Some new observations along these lines are described here.
Estimation of bacteriostatic concentrations. Bacteriostatic action of various inhibitors was estimated in test tubes containing 2 ml. of nutritive broth, at 37O, by serial dilution method. For inoculation, cultures of bacteria were grown overnight in nutritive broth at 37O, adjusted turbidimetrically to a population density of 5 x 108/ml., and added to each tube in the amount of 0-05 ml. After 18 hr. of incubation a t 3 7 ' the maximal dilutions of preparations were recorded in which the growth of bacteria was absent and the liquid remained transparent. Each experiment was repeated ten times, and the average data are presented in the Tables.
Ultraviolet irradiation.
Organisms were treated with U.V. radiation at 2540 8, with a radiation intensity of 11-53 erglsec. transmitted to each rmn2. Gale & Folkes (1953) observed that chlortetracycline and oxytetracycline stopped the growth of staphylococci in nutrient broth by selective inhibition of protein synthesis ; nucleic acid synthesis, however, continued in the presence of bacteriostatic concentrations of these antibiotics. Our results showed that tetracycline and chlortetracycline inhibited the growth of the parent and mutant staphylococci to the same degree ( Table 1) . Rogers & Perkins, 1959) . It is clear from Table 1 that the mutant staphylococci, as compared with the parents, were about eight times more resistant to the inhibitory action of the penicillins in nutrient broth. It may therefore be suggested that mutants differ from the parent organism in the biosynthesis of the cell-wall material, which is selectively affected by penicillin. Cell-wall material in the mutants appeared to be more resistant to the disruptive action of penicillin. This is in accord with chemical studies whichhave shown that the amino acid composition of the cell-wall material in parent staphylococci is different from that of their mutants (Gause, Kochetkova & Vladimirova, 1961) .
RESULTS

Eflects of inhibitors of protein synthesis
Efects of inhibitors of nucleic acid formation Mitomycin C . Shiba, Terawaki, Taguchi & Kawamata (1959) observed that mitomycin C in dilute solution selectively inhibited the formation of deoxyribonucleic acid (DNA) in bacteria, while synthesis of protein and ribonucleic acid (RNA) remained unaffected. Our results showed that mutant staphylococci were fifty times more vulnerable than the parent culture to the action of mitomycin C.
Actinomycin C . Reich, Franklin, Shatkin & Tatum (1961) reported the selective action of actinomycin C on RNA synthesis in bacteria. We observed that the mutants were fifty times more vulnerable than parents to the inhibitory action of actinomycin C.
Trypafluvine. Trypaflavine (3:6-diamino-lO-methylacridine chloride) is a mitotic poison which selectively inhibits DNA synthesis (Morthland, De Bruyn & Smith, 1954) . We observed that with this compound the mutants were 300 times more vulnerable than the parents. Nitrogen mzlstards. The nitrogen mustards as a group are potent inhibitors of DNA synthesis. By carefully grading the doses, a value can be chosen where synthesis of DNA is blocked completely, while synthesis of protein and RNA continue (Shepherd, 1958) . Degranol [ 1 , 6-bis-( P-chloroethy1amino)-1 , 6-deoxy-~-mannitol, manufactured by Chinoin Ltd, Budapest] was used as a representative of this group of compounds; it is a combination of nitrogen mustard with mannitol and is soluble in water. The mutants were ten times more vulnerable than the parents to the action of degranol. The selective inhibition of growth of mutant staphylococci has been recorded for other nitrogen mustards (Gause, 1960) . Triethylene melamine, which specifically affects pyrimidines in the synthesis of bacterial DNA (Szybalski, 1960 a) , also selectively inhibits the growth of mutant staphylococci (Gause et al. 1961) .
Halogenated pyrimidines. This group of compounds is of particular interest for the study of the vulnerability of nucleic acids in mutant staphylococci with impaired respiration. It is known that 5-fluorouracil acts as a specific inhibitor of RNA
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synthesis; it can be incorporated into bacterial RNA, where it may replace, in part, the uracil normally present. The synthesis of DNA, however, is not affected (Horowitz & Chargaff, 1959) . We observed that 5-fluorouracil at 125 ,ug./ml. inhibited the growth of the parent staphylococcus in broth. Addition of thymine (100 pg./ml.) to the nutrient medium produced no effect, but addition of uracil annulled the inhibitory action of 5-fluorouracil. The annulment of the inhibitory action of 5-fluorouracil in the presence of uracil was competitive ; see data presented in Table 2 .
For the mutant staphylococci (uv-2, uv-3) the inhibitory concentration of 5-fluorouracil was 2 ,ug./ml.; this inhibitory action was not affected by thymine (100 pg./ml.), but with uracil it was competitively annulled ( Table 2) . It may be concluded that in the parent and mutant staphylococci 5-fluorouracil specifically inhibited RNA synthesis, but did not affect DNA synthesis. It appears therefore that the synthesis of RNA in mutants was about sixty times more vulnerable to the action of 5-fluorouracil than it was in the parents.
It is of interest that 5-fluorodeoxyuridine (FUDR), in experiments with various bacteria, specifically inhibited synthesis of DNA (Cohen et al. 1958) . We observed that FUDR at 25,ug./ml. inhibited the growth of the staphylococcus in broth. Addition of uracil (100 pg./ml.) produced no effect, but addition of thymine competitively annulled the inhibitory action of FUDR on the parent staphylococcus ( Table 3) . By inhibiting the synthesis of thymine, FUDR apparently interfered with the formation of DNA in the parent staphylococci. It is remarkable, therefore, that FUDR did not inhibit the growth of the mutant staphylococci with impaired respiration (uv-2, uv-3, and all other available mutants of this type), up to the maximal concentration tested (lOOO,ug./ml.). If FUDR is a specific thymine synthetase inhibitor, the absence of inhibitory action on the mutant staphylococci points to some deficiency in the enzymic mechanism of synthesis of thymine in these mutants. We also observed that certain brominated pyrimidines (e.g. 5-bromouracil, 5-bromodeoxyuridine, BUDR), did not inhibit the growth of either parent or mutant staphylococci in nutrient broth, up to the maximal concentration tested (500 pg. ml.). Lorkiewicz & Szybalski (1960) observed that in the presence of FUDR thymine synthetase was inhibited and a state of thymine deficiency was produced in the cells, and the incorporation of BUDR, the thymidine analogue, into the bacterial DNA can be observed. The substitution of thymidine in the DNA by its brominated analogue (BUDR) renders the cells highly sensitive to the killing action of U.V. radiation (Szybalski, 1960b) .
We were able to reproduce this phenomenon with the parent staphylococcus used here. The cocci were grown for 18 hr. in nutrient broth containing FUDR (10 ,ug./d.), BUDR (10 pg./ml.) or a mixture of FUDR +BUDR. Separately, as well as in admixture, these substances did not inhibit the growth of the staphylococci in the concentrations tested. Then the suspensions of staphylococci were adjusted turbidimetrically to a population density of 10s/ml. of organisms, 0-05 ml. of dilution poured on to the surface of nutrient agar plates, and the plates U.V. irradiated for different times. The results obtained are shown in Table 4 .
It is clear that with the parent staphylococcus grown in the presence of FUDR + BUDR the sensitivity to U.V. radiation was markedly increased. According to Szybalski (1960b) this sensitization directly follows the incorporation of BUDR into the bacterial DNA as a result of substitution of the halogenated analogue in place of thymidine. It is remarkable, therefore, that this phenomenon was not observed in the mutant staphylococci. The data presented in Table 4 show that the mutants were more resistant than the parent to the killing action of U.V. radiation. The interesting point, however, is that in mutants grown in the presence of FUDR+BUDR no sensitization was observed. This suggests that in the mutants the incorporation of halogenated thymidine analogues into DNA did not take place. It can be supposed that the mutant staphylococci lacked the enzymic mechanism necessary for effective incorporation of halogenated pyrimidines into the DNA precursor pool.
Eflects of other inhibitors
Chloramphe&ol. Chloramphenicol is an inhibitor of protein synthesis ; more recent study has shown that this compound interferes with the synthesis of both protein and nucleic acids. It is possible that chloramphenicol blocks some stage in the mechanism of nucleoprotein synthesis, and that the sensitive stage lies somewhere between the activation of amino acids, their fixation by small 'nucleic acid' components, and the polymerization of these components into macromolecular structures (Gale, 1958) . We observed that the mutants were about two to three times more sensitive than the parent to this compound (Table 1) . These figures are similar to those for the tetracyclines, which inhibited the growth of the parent staphylococcus and of the mutants to the same degree, It might be supposed that the mechanism of the inhibitory action of chloramphenicol is similar to but not identical with that of the tetracyclines. E' ect of heating. Suspensions of staphylococci ( 108/ml. of organisms) were heated in a water bath at 55" for different periods of time, and then poured on to nutrient agar (0-05 ml.1 plate). Table 5 shows that the mutant staphylococci were much more sensitive to heat than was the parent. It is difficult to ascribe a reason for this phenomenon, but it is interesting to note that defects in nucleic acids make bacteria more sensitive to the lethal effect of elevated temperatures (Lorkiewicz & Szybalski, 1960) .
